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NdO0.5F0.5BiS2 is a new layered superconductor. We have studied the low-lying electronic structure of a
single crystalline NdO0.5F0.5BiS2 superconductor, whose superconducting transition temperature is 4.87K, with
angle-resolved photoemission spectroscopy. The Fermi surface consists of two small electron pockets around
the X point and shows little warping along the kz direction. Our results demonstrate the multi-band and two-
dimensional nature of the electronic structure. The good agreement between the photoemission data and the
band calculations gives the renormalization factor of 1, indicating the rather weak electron correlations in this
material. Moreover, we found that the actual electron doping level and Fermi surface size are much smaller than
what are expected from the nominal composition, which could be largely explained by the bismuth dificiency.
The small Fermi pocket size and the weak electron correlations found here put strong constraints on theory,
and suggest that the BiS2-based superconductors could be conventional BCS superconductors mediated by the
electron-phonon coupling.
PACS numbers: 74.25.Jb,74.70.-b,79.60.-i,71.20.-b
I. INTRODUCTION
The recent discovery of BiS2-based superconductors has
simulated a lot of research interests1–6. Similar to cuprates
and iron-based superconductors, the superconductivity is in-
troduced by doping their insulating parent compounds1–3. As
a layered superconductor, the superconducting BiS2 planes
could be sandwiched by various charge reservoir layers, e.g.,
Bi2O2(SO4)1−x, LaO1−xFx, and NdO1−xFx. After much effort
of searching for new members in this family1–6, one funda-
mental question is now pressing for the answer: whether the
BiS2-based superconductors are a new family of layered un-
conventional superconductors or the conventional BCS super-
conductors?
In this context, various scenarios have been proposed7–13.
On the BCS side, a large electron-phonon (e-ph) coupling
constant is estimated based on certain phonon spectra calcula-
tions of these materials. As a result, the calculated supercon-
ducting transition temperature (TC) of LaO0.5F0.5BiS2 agrees
well with the experiments11,12. This proposal is supported by
several magnetic penetration depth measurements on this fam-
ily of superconductors, which all argued that the BiS2-based
superconductors are the conventional s-wave type supercon-
ductors with fully developed gaps14–16. However, a recent
neutron scattering work suggested that the e-ph coupling in
LaO0.5F0.5BiS2 could be much weaker than expected17. Band
calculations found that the Fermi surface of LaO0.5F0.5BiS2
is quasi-one-dimensional, which would provide a good nest-
ing condition. It was proposed that spin fluctuations could
be enhanced, which might mediate the pairing in the BiS2-
based superconductors7. In that case, the superconductivity
is unconventional and the electron correlations should be im-
portant, as in cuprates and iron-based superconductors. These
controversial theoretical predictions rely on the specific band
structure and especially the Fermi surface topology. However,
the direct experimental report on the electronic structure of the
BiS2-based superconductors is still lacking so far.
In this article, through angle-resolved photoemission spec-
troscopy (ARPES), we have systematically studied the elec-
tronic structure of the single crystalline NdO0.5F0.5BiS2 su-
perconductor with a TC of 4.87K. There are two electron-
like bands around the X point, forming two small rectangle-
shaped pockets at the Fermi energy (EF). The Fermi pocket
size is found to be much smaller than the band calculations
based on the nominal composition, which might be due to the
bismuth dificiency. The electronic structure shows weak kz
dependence, indicating its two-dimensional nature. Further
comparison between the band calculations and photoemission
data suggests that the electron correlation in this compound is
negligible. Our results put strong constraints on the current
theoretical models of the pairing mechanism in BiS2-based
superconductors.
II. EXPERIMENTAL
High quality NdO0.5F0.5BiS2 single crystals were synthe-
sized with the LiCl/KCl-flux method18. The actual compo-
sitions were determined to be NdO0.54F0.46Bi0.84S1.87, using
energy-dispersion-spectrum (EDS). The bismuth deficiency is
rather substantial. The resistivity data (not shown) give a TC
of 4.87K. The samples are crystallized in a tetragonal structure
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FIG. 1: (color online) (a) Representative unit cell of NdO1−xFxBiS2
and its three-dimensional Brillouin zone. The dashed line represents
the cleaved plane between the two BiS2 layers. (b) The valence band
structure around the X point along the M - X direction and corre-
sponding angle-integrated energy distribution curves (EDCs). The
inset is the enlarged view of the features near EF . (c) The four-fold
symmetrized photoemission intensity map of NdO0.5F0.5BiS2 at EF
over the projected two-dimensional Brillouin zone. The intensity was
integrated over a window of (EF -15meV, EF+15meV). The Fermi
surface sheets for the α1 and α2 bands are shown by the rectangles
with different colors. The data are taken with 100 eV photons.
with the space group P4/nmm, as shown in Fig. 1(a). There
are two possible cleavage planes. One could be between the
NdO and BiS2 layers. In this case, one would, by chance,
encounter BiS2 or NdO surface, or a surface of partial NdO
and BiS2 coverage. However, while we have cleaved about
ten different samples, we have never observed any different
surface. Moreover, for LaFeAsO19, it was found that the LaO
surface is a polar one, which contains a metallic surface state
with a large Fermi surface. We have not observed such a state,
which indicates that the cleavage plane could not be between
the NdO/BiS2 layers. On the other hand, the two BiS2 lay-
ers are weakly linked by the Van der Waals force, which re-
sembles the two BiO layers in Bi2Sr2CaCu2O8+δ(Bi2212), so
samples should be cleaved much easier between the two BiS2
layers than between the NdO and BiS2 layers [the dashed line
in Fig. 1(a)]. In this case, only one type of surface should
be observed, as confirmed by our experiments. Moreover, the
cleaved surface in this case is non-polar without any charge
redistribution. The electronic structure measured by ARPES
thus should well represent the bulk information.
The ARPES measurements were performed at the SIS
beamline of Swiss Light Source (SLS), with a Scienta R4000
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FIG. 2: (color online) (a) and (b) are the photoemission intensity
and corresponding EDCs along the Γ - X direction. (c) and (d) are
the same as (a) and (b), respectively, but taken along M - X direction.
The data are taken with 49 eV photons, corresponding to the same kz
as that for 100eV photons.
electron analyzer. The angular resolution is 0.3 degree, and
the overall energy resolution is 15∼20 meV depending on the
photon energy. The sample surfaces were cleaved in situ in
ultrahigh vacuum with a pressure better than 3×10−11 torr.
The overall measurements were performed at 15 K, in the
normal state of this superconductor. The samples were stable
and did not show any sign of degradation during the measure-
ments. The theoretical calculations of the electronic structure
are performed within the generalized gradient approximation
(GGA), as described elsewhere11.
III. RESULTS
Figure 1(b) shows the valence band structure around the X
point along the M - X high symmetry direction. By compar-
ing with the existing density functional calculations (DFT)11,
we can identify that the features between -5eV to -1eV are
mainly contributed by the O 2p and S 3p states, while the
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FIG. 3: (color online) (a) The photoemission intensity of NdO0.5F0.5BiS2 in the ΓZRX plane. The intensity was integrated over a window of
(EF -15meV, EF+15meV). Different kz’s were accessed by varying the photon energy as indicated by the solid lines, where an inner potential
of 15eV is used to calculate kz. (b) are the photoemission intensities along or parallel to the Γ - X direction, taken at different photon energies.
(c) is the photon energy dependence of the MDCs at EF . (d) is the same as (a), but in the XRAM plane. (e) and (f) are the same as (b) and (c),
respectively, but along or parallel to the X - M direction.
small spectral weight near EF can be assigned to the Bi 6p
state. Figure 1(c) shows the photoemission intensity map
of NdO0.5F0.5BiS2, which is overlaid on the two-dimensional
Brillouin zone. Here, the unit of kx and ky is pi/a, where a is the
neighboring Bi-Bi distance in the Bi-S plane. Two rectangle-
shaped Fermi pockets were observed around X in the Brillouin
zone, which is a direct evidence of the multiband behavior in
this compound. This is consistent with previous Hall effect
measurements and the theoretical studies as well5,7,20,21.
We further examined the low-lying band structure along #1
(Γ - X) and #2 (M - X) directions as illustrated in Fig. 2(a).
For cut #1, the photoemission intensity shows two discernible
electron-like bands, α1 and α2. The band dispersion could
be resolved by tracking the peaks in the energy distribution
curves (EDCs) [Fig. 2(b)]. Both bands disperse to around
300meV below EF . The α2 band shows a bend-back at the
momentum slightly away from the X point, and α2 and α1
are degenerate at the X point. For cut #2 along M - X direc-
tion, only one band can be distinguished within our experi-
mental resolution [Figs. 2(c) and 2(d)]. However, considering
the four-fold symmetry of the band structure at the X point,
there should be two bands along the M - X direction, which
suggests that α1 and α2 are degenerate with each other in this
direction.
To comprehensively understand the electronic structure in
the three-dimensional Brillouin zone, we have performed de-
tailed kz dependent measurements. Figures 3(a) and 3(d) show
the photoemission intensity maps in the ΓZRX and XRAM
planes, respectively. Here, we estimated all the kz values (as il-
lustrated by solid blue lines in the figure) according to the free-
electron final-state model22, where an inner potential of 15eV
was used. The cross sections of both α1 and α2 Fermi surface
sheets show little warping along the kz direction, indicating
the strong two-dimensional nature of the electronic structure.
Such a two-dimensional character is further proved by both
the weak variation of the photoemission intensities upon vary-
ing the photon energies [Figs. 3(b) and 3(e)], and the weak kz
dependence of the peak position in the momentum distribution
curves (MDCs) [Figs. 3(c) and3(f)]. The weak kz dispersion
found here is consistent with the recent angular dependent re-
sistivity measurements, which show that the anisotropy of this
new superconductor is as large as 30∼4518,23.
The comprehensive and systematic data presented here al-
low us to estimate the number of charge carriers in this sys-
tem based on the Luttinger theorem. We found that its car-
rier doping level is about x=0.16±0.02, which deviates a lot
from x=0.5, the expected value based on the nominal compo-
sition. Our band theory calculations also show that the calcu-
lated Fermi surface for x=0.16 could well match the experi-
mentally determined Fermi surface [Figs. 4(a) and 4(b)]. The
possible reasons will be discussed later. On the other hand,
we examined the electron correlation in this system. By ex-
tracting the peak positions from the MDCs, we obtained the
dispersions for both the α1 and α2 bands, which are marked
by the white open circles in Figs. 4(c) and 4(d). Remarkably,
the calculated band dispersions for x=0.16 (red lines) well co-
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FIG. 4: (color online) (a) The calculated band structures without
the spin-orbital coupling for NdO0.84F0.16BiS2 (the left side energy
axis) and NdO0.5F0.5BiS2 (the right side one). (b) The comparison
of the Fermi surface between the photoemission intensity map and
the DFT for x=0.5 and 0.16 fluorine substitution levels. (c) and (d),
The comparison of the low-lying band structure near EF between
the photoemission data and the DFT calculations along the Γ - X
direction and the X - M direction, respectively. The white circles are
the peak positions of the MDCs through Lorentzian fitting and the
red solid lines are the band dispersions from DFT calculations. The
ARPES data are taken with 40 eV photons.
incide with the experimental data along both the Γ - X and
X - M directions. Therefore, the band renormalization factor
Z is about 1 for this compound. Such a weak electron corre-
lation is consistent with the spatially extended nature of the
Bi 6p states that compose the bands near EF . Also, we note
that the DFT calculations were performed without the spin-
orbit coupling. The remarkable coincidence of the ARPES
data with the calculations implies the spin-orbit coupling in
this compound is negligible.
IV. DISCUSSIONS
The discrepancy between the nominal and the actual elec-
tron doping levels may be explained by the non-stoichiometry
of the samples, which has been observed both in our EDS
measurements and in others18. In our samples, bismuth is
about 15% deficient, which directly causes eletron deficiency.
Quantitatively, one can derive the electron doping level to
be around x=0.24 from the chemical formula determined by
EDS. Considering the error bars of the EDS measurements on
light elements, this value is qualitatively consistent with the
x=0.16±0.02 experimental value determined from the photoe-
mission data. The fact that the superconductivity could even
subsist in the BiS2 planes with such a high concentration of
the bismuth vacancies implies that it is likely an s-wave one.
We note that, for LaO1−xFxBiS2, the phase diagram of TC
versus the fluorine doping level x has been reported, where the
maximal TC is around 10K at x=0.524. It is possible that the
samples studied by us are actually still in the underdoped re-
gion in the phase diagram. The TC might be increased if more
electrons could be doped into the system, either by increasing
the fluorine doping or by decreasing the bismuth deficiency.
Nevertheless, our results pose a strong challenge to some of
the current theoretical explanations for the superconductivity
in BiS2-based compounds. Without considering the bismuth
deficiency of the sample, the tight-binding model or DFT cal-
culations predicted a large and quisi-one-dimensional Fermi
surface as shown in Fig. 4(b) for x =0.507–9. Such a Fermi
surface results in a strong nesting which would enhance the
spin or charge fluctuation in this system. The pairing mech-
anism was thus proposed to be similar to that in iron-based
superconductors. However, our results show that the super-
conductivity can survive for a system with a much smaller
Fermi surface volume than that predicted by theories. There
is no apparent large Q nesting vector as well. Particularly,
we found that the electron correlation is very weak. There-
fore, the unconventional quantum-fluctuation-mediated pair-
ing mechanism is not likely applicable in the BiS2-based su-
perconductors. Instead, this compound is likely a multi-band
superconductor due to e-ph coupling, such as MgB225,26.
V. CONCLUSION
To summarize, we have systematically studied the elec-
tronic structure of single crystalline NdO0.5F0.5BiS2 by high
resolution angle-resolved photoemission spectroscopy. There
are two Bi 6p states derived bands around the X point with
little kz dependence, consistent with the theoretical calcula-
tions. The band renormalization factor is about 1 in this sys-
tem, indicating its rather weak electron correlations. More-
over, we found that the actual electron doping in this com-
pound is much smaller than the value expected from the nom-
inal composition, which is likely due to the bismuth dificiency.
This gives much smaller Fermi pockets than those predicted
by theoretical calculations for nominal compositions. The
small Fermi pocket size and the weak electron correlation
found here suggest that the BiS2-based superconductors could
be conventional BCS superconductors mediated by e-ph cou-
pling.
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